Abstract-The possibility of synthesizing oxygen ionic conductors from substituted bismuth molybdates containing columns, MoO 4 tetrahedra, and isolated Bi ions in their structure was studied. The specifics of their structure and electric conductivity were investigated. The general formula of the solid solu tions can be recorded as Bi 13 Mo 5 -x Me x O 34 -δ , where Me is the four or five valent d metal (Ti, Zr, V, Nb). The electric conductivity of doped bismuth molybdates considerably increased compared with that of the matrix compound. The electric conductivity reached 5.5 × 10 -3 S cm -1 at 700°C and 1.8 × 10 -4 S cm -1 at 350°C for the zirconium doped compound with x = 0.4. The porosity of the ceramics was less than 5%; the thermal expansion coefficient was of the order of 14 × 10 -6 K -1
INTRODUCTION
Complex oxides based on Bi 2 O 3 show oxygenionic and mixed conductivity at medium temperatures (300-700°С), ferroelectric and magnetic effects, and catalytic activity. Bismuth containing compounds crystallize in structures of different types, for example, in fluorite like structures based on δ Bi 2 O 3 [1] , layered perovskite like structures from the BIMEVOX family [2] , phases based on Bi 26 Mo 10 O 69 containing [Bi 12 O 14 ] ∞ columns [3] , etc. The column type of struc ture is especially interesting because it offers wide opportunities for selective doping and remains under studied. Studies of the Bi-Mo-O system started in the 1940 50s primarily in view of the high catalytic activity of bismuth molybdates in olefin oxidation reactions. The region with high bismuth content has become the object of investigation only since the late 1990s. In 1996-1997, a new structural type was revealed by single crystal X ray diffraction for mono clinic compounds Bi 13 Mo 5 O 34. 5 and Bi 13 Mo 4 VO 34 (space group P2/c) in the Bi 2 O 3 -MoO 3 -V 2 O 5 system. The structures of these unique compounds, having no analogs among other complex oxides based on bis muth oxide, contain column type frag ments parallel to the Y axis, layers of (Mo/V)O 4 tetra hedra parallel to the (100) and (001) planes, and iso lated Bi atoms also lying in layers among tetrahedra 12 14 Bi O
[ ]
n n + [4, 5] . This type of structure anisotropy is rarely met in other bismuth containing complex oxides and shows itself as the anisotropy of properties. Later, it was found that the structure provided ion transport along the crystal chemical direction of column fragments (y axis) [6] . The compounds have oxygen ionic con ductivity; they can compete with BIMEVOX and YSZ in electric conductivity [7] and hence are an alterna tive electrolytic material for gas discharge mem branes, separators, sensors, and fuel cells. As shown in [4] , the composition of 5 showed a para bolic dependence of electric conductivity on composi tion with a maximum for Ln = Gd (6.6 × 10 -3 S cm -1 at 973 K).
In this study, we synthesized complex oxides with a col umn type structure substituted in the molybdenum sublat tice and having the general formula The starting substances were preliminarily calci nated in a furnace at 873-1073 K to remove traces of moisture and mixed in a stoichiometric ratio. After each stage of synthesis, the samples were cooled together with the furnace and carefully ground in an agate mortar with an ethanol addition as a homogeniz ing agent.
The phase composition of the intermediates and end products was determined by XRD (Bruker ADVANCE D8 diffractometer, position sensitive VANTEC sensor, CuK α radiation, 2θ = 10-70 deg, rate 2 deg/min). The unit cell parameters were calcu lated and the crystal structure refined with FPeaK, Celref, and FullProf program packages [13] . The phases were identified using the ICDD, COD, and AMSCD card files.
The characteristics of the powders were determined by laser diffraction (SALD 7101 Shimadzu laser ana lyzer of dispersity), densitometric analysis, and atomic emission analysis (iCAP 6500 Thermo Scientific spec trometer with inductively coupled plasma). The differ ential thermal analysis was performed in the tempera ture range 293-973 K using an STA 409 PC Luxx Netzsch thermoanalyzer. Alumina was used as a stan dard. For electric conductivity studies, the powders of the phases were preformed into briquets with a diame ter of 10 mm and sintered at 1123 K (final temperature of synthesis) for 24 h. The density of the sintered pre formed samples was calculated from the pycnometric specific gravity and bulk density of the ceramics. The bulk density was determined by hydrostatic weighing. The surface of the sintered samples was studied by electron microscopy (JEOL JSM 6390LA scanning electron microscope). The dilatometric studies of the ceramics were performed by impedance spectroscopy on a DIL 402C Netzsch dilatometer (Elins Z 3000 impedance meter) at 1123-523 K.
RESULTS AND DISCUSSION
Series of solid solutions of the general composition Bi 13 Mo 5 -х Me х O 34 -δ (Me = Ti, V, Zr, and Nb, i.e., metals with a tetrahedral coordination to oxygen) with x = 0.2-1.0 were synthesized by the standard ceramic method. The homogeneity ranges were determined by XRD for all series under study. The widest homogeneity range (up to x = 1.0) was observed for Bi 13 Mo 5 -х V х O 34 -δ solid solutions, which agrees with the data of [4, 5] . For titanium and niobium doped compounds, the formation of solid solutions was limited to x = 0.2. Further increase in the content of the metal dopant led to the isolation of molybdates Bi 38 Mo 7 O 78 and γ Bi 2 MoO 6 , complex bismuth oxides, and 3-25% metal dopant. The introduction of zirconium led to the formation of solid solutions based on Bi 13 Mo 5 O 34 ± δ with x of up to 0.4. The formation of solid solutions was accompanied by a monotonic change in the unit cell parameters ( Table 1 ).
The formation of solid solutions is provided not only by the closeness of the radii of ions in tetrahedral environ ments ( = 0.41 Å, = 0.35 Å, = 0.42 Å, = 0.48 Å, and = 0.59 Å) in all cases [14] . The ionic radius of zirconium differs from that of molybde num in the tetrahedral environment by ~43%, dis obeying the rule of the ratio of sizes of substituent components in a solid solution. The efficiency of sub stitution in this case is determined by the fact that dis ordered molybdenum-oxygen polyhedra do not form rigid bonds with the structural columnar fragments. Due to this, the region of solid solutions can be sub The element composition of solid solutions deter mined by atomic emission analysis corresponds to the nominal ratio set during the synthesis. Densitometric analysis showed that the pycnometric density agreed with the XRD density within the error ( Table 1 ). The particle size of the powders varied from 1 to 10 µm.
To evaluate the thermal stability of the samples, we performed high temperature studies (differential scanning calorimetry combined with thermogravimet ric analysis). The sample mass did not change and the thermal effects were absent at 420-1120 K for all com positions under study. This points to the absence of phase transitions and decomposition of complex oxides in this temperature range in air.
The surface of the sintered briquets was studied by scanning electron microscopy. Figure 2 shows the micrographs of the surface of the briquets formed from the monophase and nonmonophase zirconium doped bismuth molybdate powders. The grain size increased relative to the powder particle size, but was much smaller in the nonmonophase sample because the impurity phase hindered recrystallization and block enlargement. For monophase samples, dense ceramic briquets with less than 5% porosity formed, which was proven by hydrostatic measurements. Dilatometric studies allowed us to calculate the average thermal expansion coefficient for all series of solid solutions (14 × 10 -6 K -1 ), which is the characteristic index for electrolytic ceramics.
The electric conductivity of the solid solutions was studied by impedance spectroscopy at 523-1123 K. Measurements were performed by the double contact method using platinum electrodes on preliminarily pre pared sintered briquets. The typical hodographs are given for one sample at different temperatures in Figs. 3 and 4 . The given form of dependence is characteristic of all compositions under study. An equivalent circuit of the cell corresponding to processes in a definite tempera ture range was chosen using the Zview software pro gram (Version 2.6b, Scribner Associates).
The shape of the dependence of the imaginary part of complex resistance on the real part changed with temperature. At relatively low temperatures, the impedance diagram has an asymmetric semicircle. Then the impedance curve smoothly transforms, after a minimum, into a line with a slope of 45°. For the low temperature region, the cell circuit is thus a sequential connection of resistances R1 and R2 with CPE1 and CPE2 elements connected in parallel and characterizing the electrolyte material and the closed Warburg element W1 (Fig. 4) . The CPE type elements in the equivalent circuit are the elements of the con stant phase. The equation for admittance for them is recorded as Y(ω) = B(jω) n . It contains two parameters whose values affect the imitation of various electrical elements by the CPE element.
The R1 resistance connected in parallel to the CPE1 element corresponds to the bulk conductivity of the sample, while R2 connected with CPE2 corre sponds to the grain boundary resistance of grains (and their sum corresponds to the total resistance). Thus 100 μm 10 μm the conductivity of a polycrystalline sample at low temperatures was calculated from R1 + R2. The War burg element W s describes the diffusion, which is the prevailing factor in the given temperature range. The CPE2 and CPE1 capacities are of the order of 10 -7 and 10 -11 F, which allows us to attribute them to the bulk and grain boundary conductivity, respectively [15] .
At elevated temperatures, the oxygen diffusion and adsorption on electrodes are considerably facilitated, and the circuit does not contain the Warburg element any longer (Fig. 3) . The impedance diagram is a semi circle with a smaller radius that changes into a semicir cle with a larger radius. The small semicircle (the R2 junction and CPE2) may be attributed to grain boundary resistance, while the semicircle correspond ing to the bulk resistance is leveled and characterized only by the resistance R1. As in the case of low temper atures, the total resistance is characterized by the sum of R1 and R2. The parallel connection of R3 and CPE3 then describes the electrode processes in the system being measured, which are not fixed at low tempera tures against the background of diffusion processes. The CPE2 "capacity" is of the order of 10 -11 F and CPE3 is 10 -6 F, which is characteristic of oxide sys tems.
The total electric conductivities calculated from impedance measurements are represented as the plots of the temperature dependences of conductivity of the chosen compositions and as tables of electrophysical characteristics ( Fig. 5 and Table 2 ). 
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The general view of the temperature dependences of conductivity (Fig. 5) for the complex oxides under study is typical for ionic conductors. The dependences logσ-10 3 /T for the majority of compounds have no distinct inflections or bends of linear segments, which confirms the absence of phase transitions and agrees with high temperature dilatometric and thermogravi metric studies. For titanium doped compounds, how ever, the activation energy changed from 0.6 to 1.1 eV when the temperature decreased below 500°С (Fig. 5 , Table 2 ). This was observed [11] for bismuth molyb date doped with silicon and germanium and explained by a change in the molybdenum coordination and hence by a rearrangement of molybdenum-oxygen polyhedra within the framework of the starting symme try on the basis of high temperature XRD data. Similar changes might take place in the titanium doped com pound in the structure of Bi 13 Mo 5 -х Me х O 34 -δ , which requires further studies.
In the doped compound, the specific electric conductivity generally increases relative to that in nondoped Bi 13 Mo 5 O 34 ± δ . For series of solid solu tions, the concentration dependences of conductiv ity are nonmonotonic. The maximum values of con ductivity were obtained for the composition Bi 13 Mo 4.6 Zr 0.4 O 34 -δ ( Table 2 ). The decrease in con ductivity at higher dopant concentrations may be caused by a change in the concentration of defects in the oxygen sublattice. The number of oxygen vacan cies decreased on passing from octahedral to tetrahe dral environment of molybdenum. Moreover, the probability of vacancy-dopant interactions, forming less mobile defect complexes, increases at higher dopant concentrations.
On the other hand, according to [7] , an increase in the oxygen vacancy concentration after the introduc tion of a heterovalent dopant does not significantly affect the oxygen diffusion in column structures. The type of the environment of molybdenum and the char acter of the motion of oxygen ions along the [010] crystallographic direction, i.e., of [Bi 12 O 14 ] columns, where the geometrical hindrances to ion motion are minimum, play the main role. This may be the reason for the insignificant difference in the conductivity of solid solutions at high temperatures.
Based on high conductivities of substituted bis muth molybdates, we can assert that the compounds under study are promising as electrolytes at medium temperatures. Due to low porosity, the absence of phase transitions, and medium thermal expansion coefficients, these electrolytes can be recommended as membrane materials for electrochemical devices.
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